We present the mechanical properties of H 2 O(n)@C60 under hydrostatic strain and a point load using Density Functional Theory. In each case, we performed mechanical tests under both tension and compression. The bulk modulus and elastic modulus increase as the number of water molecules increases. For fracture behavior, two mechanisms are observed: First, under compression, due to the interaction and bond formation between water and C60, structures with more water molecules begin to exhibit fracture at a lower strain. Second, under tension, fracture is initiated from the bond dissociation of C-C bonds on the C60 surface. V C 2013 AIP Publishing LLC.
C60, because of its spherical nature, can enable development of strong composite materials. It has been shown that C60 can enhance the mechanical properties when incorporated inside polymers. 11, 12 On the other hand, insertion of other molecules inside C60 can enhance the mechanical properties of C60. Shen showed that putting Si or Ge inside C60 can increase the mechanical response under compression using Molecular Dynamics (MD) simulations. 13 However, the mechanical behavior of water filled buckyball and the interaction between water and the buckyball surface, which can significantly affect the mechanical response under various loading conditions, have not been studied. Moreover, the origin of mechanical failure due to the presence of water molecules inside C60 is still unknown. The studies performed here on water filled C60 can provide good insights into the application of water filled C60 as agents in composite materials.
In this Letter, we investigate the effect of water encapsulation on the mechanical properties of C60. We inserted water molecules in C60, and simulated these systems (H 2 O(n)@C60, n ¼ 1, 3, 4, with n being the number of water molecules) using Density Functional Theory (DFT). Two different types of loading, a point load and a hydrostatic strain, are considered. For each type of loading, both compression and tension tests were performed to obtain the mechanical strength of H 2 O(n)@C60. Due to the spherical nature of C60, interesting mechanical responses were captured under various loading conditions. Bond-dissociation of buckyball and bond-formation between water and C60 are shown to play an important role for the fracture behavior.
To understand the physical and mechanical nature of C60 filled with water, DFT calculations using SIESTA were performed.
14 DFT is widely used because it can accurately capture the mechanical and electronic properties of nanomaterials under various conditions. [15] [16] [17] [18] [19] For parameterization of the exchange-correlation functional, generalized gradient approximation (GGA) with revised Perdew-Burke-Ernzerhof (RPBE) is used. 20, 21 The core electrons are replaced by the norm-conserving pseudo-potentials. 22 For the basis set, double zeta basis plus polarization (DZP) numerical atomic orbital is used. For the k-point mesh generation, the U point is used. To remove any artificial effect of interaction between H 2 O(n)@C60 in the periodic simulation box, a vacuum region of around 15 Å is used in all directions. Structural relaxation is achieved until the maximum residual force of the system is reached, which is less than 0.03 eV/Å . First, mechanical properties under hydrostatic strain are investigated. Hydrostatic pressure (P), and bulk modulus (B) are defined as P ¼ jdE=dVj, and B ¼ V 0 ð@ 2 E=@V 2 Þ, where E is the total energy and V is the volume of H 2 O(n)@C60. The hydrostatic (volumetric) strain (e v ) is defined as e v ¼ ðV s À V 0 Þ=V 0 , where V 0 is the initial volume and V s is the deformed volume. The hydrostatic strain is applied as follows: (a) The structure is relaxed for calculation of the initial total energy of the system. Mechanical properties under a point load are also considered, and similar procedure, as introduced above, is used. Elastic modulus (E p ) and stress (r) are defined as E p ¼ ð1=V 0 Þð@ 2 U=@e 2 Þ and r ¼ @U=@e; these are obtained from the variation of the strain energy (U) with applied strain (e), which is defined as e ¼ ðd and d s is the distance of two outermost carbon atoms when the strain is applied. Strain energy (U) is defined as E s -E 0 , where E s is the total energy of the deformed system, and E 0 is the total energy of the undeformed system. Point load is applied to H 2 O(n)@C60 as follows: (a) The structure is relaxed for calculation of the initial total energy of the system. applied compression on silicon (Si) nanosphere using plates attached at both ends and showed that the applied load is distributed on the surface of the ball. 23 We also performed MD simulations to apply compression using two plates and compared them with the current DFT result obtained using a point load (see Supplementary material). 24 Since water molecules can have different orientations inside C60, several structural relaxations with randomly oriented water molecules are performed to find energyminimized structures, and they are used for mechanical deformations. The structural properties of each of the minimized H 2 O(n)@C60 structures, such as C-C bond-length, interaction energy, and internal pressure are shown in Table  I . The initial C-C bond-length for C60 shows reasonable agreement with previous results. 25, 26 It should be noted that C-C bond-length increases as more water molecules are encapsulated due to the increase of interaction energy between water and C60. The interaction energy between water and C60 is computed as E Interaction ¼ E H2O(n)@C60 À (E H2O(n) þ E C60 ), and the values from the initially relaxed structures are reasonable when compared to published results. 27 This expansion of buckyball can be also explained by the internal pressure increase, which is induced due to encapsulation of water inside buckyball. In a related study, Pupysheva et al. showed that the bond-length of C60 can be increased as more hydrogen is filled.
2 DFT and MD simulations were performed to calculate the internal pressure as shown in Table I . MD simulation is only used for comparing the internal pressure with DFT. The internal pressure (P I;DFT ) using DFT is computed as P I;DFT ¼ h
3 Þ, where F i is the force vector on the ith carbon atom, R i is the radius vector from the center of the buckyball, and R is the radius of the buckyball. 2 To compute the pressure using MD simulation, we used LAMMPS package. 28 We used the energy minimized structure of C60 taken from DFT. Nos e-Hoover thermostat is applied to keep the temperature of H 2 O(n)@C60 constant at 300K. The simulation time step is chosen to be 0.1 fs. We employed the force field discussed in previous work. 29 Each simulation was run for 20ns. Then the internal pressure (P I;MD ) is calculated as P I;MD ¼ ðNk B TÞ=V À ð1=3VÞh P i P i>j r ij :F ij i, where, N is the number of atoms, k B is the Boltzmann constant, T is the temperature, V is the volume of C60, and r ij and F ij are the distance and force between atoms i and j in the system, respectively. Both results confirm that adding more water molecules increase the internal pressure as shown in Table I .
First, we applied hydrostatic strain on H 2 O(n)@C60 with tension and compression. The bulk modulus ( Figure  1(a) ) is obtained from the total energy variation with respect to the applied hydrostatic strain. The small strain region (À0.08 to 0.08 hydrostatic strain) is fitted using a 5th order polynomial. The bulk modulus of C60 is determined to be 742 GPa, and this is in reasonable agreement with the previous results. 6, 7 The bulk modulus increases with the number of water molecules in C60, but the enhancement is not significant.
The variation of the strain energy with the applied volumetric strain for different number of water molecules in C60 is shown in Figure 2 I. DFT results for (2nd column) average C-C bond-length (double and single bonds), (3rd column) total energy of the initially relaxed system, and (4th column) interaction energy between water molecules and C60. DFT (5th column) and MD (6th column) results for internal pressure due to water molecules.
Internal pressure (GPa) adding water molecules in C60 on the fracture behavior is clearly seen in Figure 2 . For hydrostatic tension (HT), both the hydrostatic pressure and hydrostatic strain at fracture of H 2 O(n)@C60 structure decrease as more water molecules are added as shown in Figures 2(c) and 2(d). Since the internal pressure and interaction energy are initially larger for structures with more water, less hydrostatic pressure is required to attain fracture under HT. Failure is initiated when the C-C bond is elongated up to around 1.85 Å . Under hydrostatic compression (HC), it should be noted that the structure can withstand more than $60 times the pressure at fracture than under HT. Unlike the tension case, the hydrostatic pressure and strain at fracture under compression increase for the 1 water case, but for 3 and 4 waters, they decrease slightly. This is because when the structure is highly compressed up to around fracture, the interaction energy between C60, and water is significantly increased, inducing the structural instability (e.g., at a compressive strain of 0.70, the interaction energy is 3.38 eV for 1 water, 55.16 eV for 3 waters, and 88.41 eV for 4 waters). This result indicates that the mechanical properties of water-filled (1-water) buckyball can be enhanced, but adding more water does not improve the fracture properties. In addition, it is interesting to note that at the same strain, the structure with more water molecules exhibits higher hydrostatic pressure. This means that one needs to apply more hydrostatic pressure to deform the more water-filled structure up to the same strain. Unlike the tension case, C-C bond dissociation is not observed for HC. In other words, failure of the structure under HC is initiated due to (a) the increased coordination number (from 3 to 5) of the carbon atom, and (b) the interaction between water molecules and H 2 O(n)@C60 wall. For the point load case, both tension and compression are applied to H 2 O(n)@C60 structures. The mechanical properties are obtained from the strain energy variation with respect to the applied strain as shown in Figure 3 elastic modulus (Figure 1(b) ) is computed using the small strain region (À0.03 to 0.03 strain), by fitting a 5th order polynomial. As more water molecules are introduced, the elastic modulus increases from 0.18 GPa to 0.23 GPa. The increase is not significant beyond three water molecules in C60.
Under the tensile point load, fracture stress and fracture strain decrease with the increase in the number of water molecules (Figures 3(c) and 3(d) ). This behavior is similar to the HT case, which also can be explained by the increased interaction energy (Table I) , when more water molecules are added. The fracture of H 2 O(n)@C60 is initiated due to the bond-breaking of the C-C bond from regions where the point load is applied. On the other hand, under the compressive point load, the structures with more water can withstand more stress with less fracture strain, as shown in Figures 3(c)  and 3(d) , which is similar to the case of HC. The applied point load needs to overcome the increased interaction energy, when compressed. When H 2 O(n)@C60 is compressed, fracture stresses are comparable (0 and 1-water) or slightly larger (3 and 4-water) than those under tension. When the C60 wall is compressed and becomes closer to the water, carbon and oxygen atoms start to form a covalent bond, which induces the structural instability, and bond dissociation is initiated at the wall after further deformation.
Several interesting observations can be made for H 2 O(1)@C60 structure. It has been shown that a single water molecule can rotate freely, meaning that there is no preferable orientation of water. 4, 5 Therefore, several tests are performed to verify that mechanical properties are not dependent on the water orientation. For the compression case, the plane of a water molecule is initially placed either perpendicular, horizontal, or at a random orientation to the point load direction. It turns out that in all cases, the plane of the water molecule is positioned perpendicular to the loading direction after about 0.5 compressive strain, and it does not rotate further at a higher strain. In addition, strain energy variations for all the cases are the same. This result confirms that compressive response is independent of the orientation of water. For the fracture behavior, since a water molecule is in the middle of C60 due to the confinement effect, a covalent bond is formed between oxygen and carbon for a strain of 0.6 (bond-length of 1.384 Å , bond-energy of 6.0 eV). The hydrogen in water also forms a bond with the carbon atom (bond-length of 1.032 Å , bond energy of 5.3 eV). However, under tension, a water molecule stays where it was placed with no reorientation because carbon atoms are pulled away from a water molecule, so that the interaction between them is much weaker than in the compression case. For H 2 O(3,4)@C60 structures, under compression, the bond between carbon and water is formed around a strain of 0.53 (for 3 waters) and a strain of 0.37 (for 4 waters), which is smaller than in the single water molecule case. This bond formation leads to the failure of the system when further deformation is applied, since it induces the structural instability of C60.
In this Letter, we investigated the effect of encapsulated water molecules inside C60 on its mechanical properties using DFT calculations. The hydrostatic strain and point load conditions are considered under both tension and compression. The effect of water molecules on the mechanical behavior of C60 is clearly observed in all cases. Under tension, both loading conditions show that the hydrostatic pressure at fracture and fracture stress decrease as more water molecules are added. Under compression, in contrast, structures can withstand more pressure (and stress) at the same strain with more water. This is because, as more water molecules are added in C60, internal pressure and interaction energy between water and C60 increases. Fracture is initiated due to the bond formation between carbon and oxygen atoms under compression and bond-dissociation of carbon under tension. The results shown here suggest that water filled C60s can be good composite agents. Also, mechanical modulation of water filled C60 can be used to form new chemical compounds.
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